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Abstract: From April to July 2018, a data sample at the peak energy of the Υ (4S) resonance was collected with
the Belle II detector at the SuperKEKB electron-positron collider. This is the first data sample of the Belle II
experiment. Using Bhabha and digamma events, we measure the integrated luminosity of the data sample to be
(496.3±0.3±3.0) pb−1, where the first uncertainty is statistical and the second is systematic. This work provides a
basis for future luminosity measurements at Belle II.
Key words: luminosity, Bhabha, digamma, Belle II
PACS: 13.66.De, 13.66.Jn
1 Introduction
Integrated luminosity (L) is a basic quantity in high
energy physics experiments. It reflects the size of the
data sample, which is crucial to most of the physics
studies in collider-based experiments. It is also the
bridge between the number of produced events (N) and
the cross section (σ) of any physics process:
N =L ·σ. (1)
According to this relationship, with the integrated
luminosity one can calculate the number of produced
events from a known cross section or measure the cross
section from a determined number of produced events.
The precise measurement of integrated luminosity is
thus fundamental to estimating experimental yields
accurately and testing theoretical models precisely.
This paper presents a measurement of the integrated
luminosity of the first e+e− collision data sample
collected with the Belle II detector [1]. The Belle II
experiment runs at the SuperKEKB accelerator at the
High Energy Accelerator Research Organization (KEK)
in Tsukuba, Japan. Belle II [2] is a next-generation
B-factory experiment [3]. It is the successor to the
Belle experiment [4] and plans to record a dataset of 50
ab−1, which is about 50 times the Belle dataset. With
these data, Belle II aims to search for physics beyond
the Standard Model and further study CP violation in
the flavor sector, and precisely measure all parameters
of the Cabibbo-Kobayashi-Maskawa “unitarity triangle”
[2]. The experiment will also study properties of the
strong interaction in hadron physics.
Operation of the SuperKEKB accelerator and the
Belle II detector can be divided into three phases:
Phase 1, from February to June 2016; Phase 2, from
April to July 2018; and Phase 3, from March 2019
onwards. The data sample under study in this work
was recorded during Phase 2. During this phase, the
beams of electrons and positrons collided at the center-
of-mass (CM) energy of the Υ (4S) resonance, with a peak
instantaneous luminosity of 5.55×1033 cm−2s−1, and the
data sample was collected with a nearly complete Belle II
detector. (The full vertex detector was not yet installed;
see the next section for the detector description.) In
the earlier Phase 1, the beams were circulated but not
collided in the accelerator’s storage rings for beam-line
conditioning, accelerator performance tuning, and beam
background studies [5]. In current and future Phase 3
running, copious data samples of beam-collision events
are recorded for the comprehensive physics program of
Belle II. The luminosity measurement of the collision
data in Phase 2 is necessary for physics measurements
with this data, and is valuable preparation for future
measurements in Phase 3.
In e+e− collision experiments, the integrated lumi-
nosity is mainly measured according to Eq. (1) with
the following two well-known quantum electrodynamics
processes: Bhabha scattering e+e− → e+e− (nγ) and
digamma production e+e− → γγ (nγ) [6–11]. Here,
nγ in the Bhabha process involves both the initial-
c©2013 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of
Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd
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state and final-state radiation photons, while nγ in
the digamma process only refers to the initial-state
radiation photons. These two processes have large
production rates, accurate theoretical predictions for
the cross sections, and simple event topologies that can
be simulated precisely and selected with essentially no
background contamination. These three features reduce
the statistical and systematic uncertainties, making the
Bhabha and digamma processes ideal for integrated
luminosity measurements. In this work, we perform two
independent measurements with these two processes; the
separate measurements cross-check our methodology.
2 The Belle II detector
The Belle II detector records the signals of the final
state particles produced in e+e− collisions to study
the decays of B mesons, charmed particles, τ leptons,
and Υ (nS) (n = 1,2 · · ·6) resonances as well as the
production of new states of matter. It operates at
the SuperKEKB accelerator, which is the upgraded
version of the KEKB accelerator, a 3-km-circumference
asymmetric-energy electron-positron collider with two
storage rings: one for the electron beam, and the other
for the positron beam. The two beams in SuperKEKB
collide at a crossing angle of 83 mrad, larger than the
crossing angle of 22 mrad in KEKB. Similar to KEKB,
SuperKEKB is designed to work in the energy region
from Υ (1S) to Υ (6S) and to operate mainly at the Υ (4S).
The instantaneous luminosity goal of SuperKEKB is
8×1035 cm−2s−1, which is about 40 times higher than that
of KEKB. Notably, due to the asymmetric energies and
acollinear orbits of the electron and positron beams, the
coordinate system of the laboratory frame is significantly
different from that of the CM frame. In particular, in the
laboratory frame the z axis is along the bisector of the
angle between the direction of the electron beam and the
reverse direction of the positron beam, while in the CM
frame the z axis is along the direction of the electron
beam. Specifically, the z axis in the CM frame points at
the same direction as the unit vector (0.1505, 0, 0.9886)
in the laboratory frame.
The Belle II detector surrounds the interaction point
(IP), which is within a 1-cm radius beam pipe. It has
a cylindrical structure aligned centrally to the z axis in
the laboratory frame and consists of several nested sub-
detectors and a superconducting solenoidal magnet. Six
layers of vertex detectors (VXD), including two inner
layers of silicon pixel detectors surrounded by four layers
of silicon strip detectors, are designed to accurately
reconstruct the decay vertices of B mesons and other
short-lived particles. During Phase 2, only a small
fraction of the VXD sensors were installed for diagnostic
purposes, and the remainder of the VXD volume was
instrumented with specialized radiation detectors for
beam background measurements [12]. A small-cell,
helium-based (50% He, 50% C2H6) central drift chamber
(CDC) is used to precisely measure the trajectories,
momenta, and ionization energy losses of charged
particles. A particle identification system, including
an imaging time-of-propagation (TOP) detector in the
barrel region and an aerogel ring imaging Cherenkov
detector in the forward endcap region, is used to identify
charged particles. An electromagnetic calorimeter
(ECL), composed of 8736 CsI(Tl) crystals arranged in
a barrel and two endcaps, detects photons and provides
discrimination of electrons from hadrons — in particular,
pions. The closely-packed crystals are designed with
a tower structure pointing to the IP, but are tilted
by 2.5◦ in θ and φ from the radial line to the IP to
avoid the possibility that a photon (or electron) could
travel along an inter-crystal gap without showering.
A superconducting solenoid magnet provides a 1.5 T
magnetic field for the measurement of the momenta
of charged particles. The K0L and muon detector is
a “sandwich” of alternating layers of 4.7-cm-thick iron
plates and 4.4-cm-thick active detector elements. The
latter consists of scintillator strips read out by silicon
photomultipliers in the endcap and innermost barrel
layers, and glass-electrode resistive plate chambers in
the outer barrel layers. This detector is used for
the identification of high momentum muons and the
detection of K0L mesons. The Belle II detector is
described in detail elsewhere [1].
In Bhabha and digamma events, the final-state
particles are electrons, positrons, and photons; thus
the sub-detectors most vital for the measurements are
the VXD, CDC, and ECL. Since the VXD acceptance
was quite limited and the CDC tracking efficiency was
relatively low in Phase 2, luminosity measurements using
ECL information alone are presented in this paper. To
avoid the uninstrumented gaps between the ECL barrel
and endcap regions where the material model in the
Monte Carlo (MC) simulation was not well-defined, only
information from the ECL barrel region is used in the
measurements.
3 Monte Carlo simulation
To determine detection efficiencies, five million
Bhabha events and one million digamma events were
simulated at the peak energy of the Υ (4S) resonance with
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Fig. 1. Comparisons of the distributions of Bhabha-dominant signal candidates between the data and MC samples.
Each plot in the figure shows one quantity in the selection criteria and is drawn with the requirements on all other
quantities applied. In the legend, “Data” represents the data sample, while “ee”, “γγ”, “Bkg”, and “Tot” denote
the Bhabha, digamma, background (µ+µ−, e+e−e+e−, B+B−, B0B¯0, cc¯, ss¯, uu¯, dd¯, and τ+τ−), and total MC
samples, respectively. The vertical arrows indicate the regions of the selected events.
a CM beam energy spread of 5 MeV [13] using the
BabaYaga@NLO [14–17] generator. The MC samples
were generated in the polar angle range 35◦–145◦ in the
CM frame, somewhat broader than the acceptance of the
ECL barrel region, to avoid spurious edge effects. Along
with the generation of the samples, the theoretical cross
sections of Bhabha and digamma processes (σee and σγγ)
were evaluated using the same generator with the same
input parameters. The cross sections were calculated to
be σee = 17.37 nb and σγγ = 1.833 nb with a claimed
precision of 0.1% [14–17].
To estimate background levels, the following MC
samples were also produced at the peak energy of the
Υ (4S) resonance: one million µ+µ− events with the
BabaYaga@NLO generator; one million two-photon
events in the e+e−e+e− final state with the AAFH [18–
20] generator; 50-fb−1-equivalent of B+B− and B0B¯0
events decayed with EvtGen 1.3 [21] for exclusive
modes and PYTHIA 8.2 [22] for inclusive modes; 50-
fb−1-equivalent of cc¯, ss¯, uu¯, and dd¯ events produced
with KKMC 4.15 [23, 24] and decayed with EvtGen
1.3 and PYTHIA 8.2; and 50-fb−1-equivalent of τ+τ−
events also produced with KKMC 4.15 but decayed with
TAUOLA [25].
In order to simulate the interaction of final-state
particles with the detector, the generated MC samples
were used as input for a Geant4-based MC simulation
program [26], which includes the geometric description
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Fig. 2. Comparisons of the distributions of digamma-dominant signal candidates between the data and MC samples.
Each plot in the figure shows one quantity in the selection criteria and is drawn with the requirements on all other
quantities applied. In the legend, “Data” represents the data sample, while “ee”, “γγ”, “Bkg”, and “Tot” denote
the Bhabha, digamma, background (µ+µ−, e+e−e+e−, B+B−, B0B¯0, cc¯, ss¯, uu¯, dd¯, and τ+τ−), and total MC
samples, respectively. The vertical arrows indicate the regions of the selected events.
and response of the detector. In the simulation,
beam backgrounds, such as those arising from the
Touschek effect and beam-gas interactions, were overlaid
on the e+e− collision events. The beam backgrounds
were first simulated with dedicated accelerator-design
software [27], and then processed by Geant4 to
handle the interactions of the primary beam-background
particles with the accelerator and detector material. [28].
Notably, a complete simulation of the material in the
VXD region, including the cables, electronics, and
support structure, was not yet available at this early
stage of the experiment. The unsimulated material is
conservatively estimated to be 20% of the simulated
material, and its impact on the measured luminosities
is discussed in Section 6.
Both the data and MC samples were reconstructed
and analyzed with the Belle II analysis software
framework, basf2 [29].
4 Event selection
To determine the integrated luminosity of the data
sample, we first select the signals, namely Bhabha and
digamma events. For this purpose, we require that
candidate events have at least two ECL clusters, and we
subsequently identify the two clusters with the largest
energies in the CM frame. Because the ECL energies
for the electrons and positrons of Bhabha events, and
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the photons of digamma events, tend to be distributed
near half the CM energy, the higher energy of the two
clusters in the CM frame is required to be less than
5.82 GeV, and the lower energy of the pair is required
to be greater than 2 GeV. To guarantee that the two
clusters are well reconstructed within the ECL barrel
region, their polar angles, i.e. those of the position
vectors of the cluster centers (similar definition applies
to their azimuthal angles), in the laboratory frame are
required to be in the range 37.8◦–120.5◦. Since the
final-state particles in Bhabha and digamma events are
back to back, the acollinearity of the two clusters in
polar angle, namely the absolute difference between
180◦ and the sum of the two polar angles in the CM
frame, is required to be less than 5◦. Because of the
deflection of electrons and positrons in the magnetic
field, the acollinearity of the two clusters in azimuthal
angle, namely the absolute difference between 180◦ and
the absolute difference of the two azimuthal angles in
the CM frame, which peaks around 8◦, is required to
be in the range 2.5◦–13◦ for Bhabha events. Since
photons are not affected by the magnetic field, the
acollinearity in azimuthal angle in the CM frame is
required to be less than 2.5◦ to select digamma events.
Because the requirements on azimuthal acollinearity do
not fully separate Bhabha and digamma events, we refer
to the measurements made from each selection as the
Bhabha-dominant or digamma-dominant, respectively.
In summary, the selection criteria are as follows. The
common requirements for the two measurements are
• 2 GeV <Emax2cm <Emax1cm < 5.82 GeV,
• 37.8◦<θmax1lab , θmax2lab < 120.5◦, and
• |θmax1cm +θmax2cm −180◦|< 5◦.
Bhabha-dominant events are further selected with
• 2.5◦< ||φmax1cm −φmax2cm |−180◦|< 13◦,
and digamma-dominant events are further selected with
• ||φmax1cm −φmax2cm |−180◦|< 2.5◦.
Here, E, θ, and φ denote the energy, polar angle, and
azimuthal angle of a cluster. The subscript cm (lab)
denotes the CM (laboratory) frame, and the superscript
max1 (max2) identifies the cluster with the largest
(second-largest) energy.
The criteria presented above are chosen on the basis
of the distributions in Figs. 1 and 2, which demonstrate
the close agreement of the distributions between the data
and MC samples for Bhabha-dominant and digamma-
dominant measurements, respectively. Each plot in the
figures shows one quantity in the selection criteria and
is drawn with the requirements on all other quantities
applied. For example, the top-left plot in Fig. 1
shows the Emax1cm distribution for events that satisfy the
requirements on Emax2cm , θ
max1
lab , θ
max2
lab , |θmax1cm +θmax2cm −180◦|,
and ||φmax1cm −φmax2cm |−180◦|. In the figures, the luminosities
of the MC samples are first normalized to a common
reference luminosity and then normalized as a whole to
the number of events in the data sample in each plot.
In the figures, one sees that the data and MC samples
agree quite well except in the following cases. In the
Emax1cm and E
max2
cm plots, data and MC disagree around
the peaks due to the imperfect ECL calibration at this
early stage of the experiment. However, this has a
negligible impact on our measurements, because the
selection requirements on Emax1cm and E
max2
cm are far from
the peaks. In addition, we note that the peak around 4◦
in the ||φmax1cm −φmax2cm |−180◦| plots is mainly associated
with Bhabha events with hard final state radiation where
the photon, which is not deflected in the magnetic field,
has a higher energy than the electron or positron from
which it is radiated. Due to the gamma-conversion effect,
digamma events also contribute to this peak, but at a
level one order of magnitude smaller.
5 Determination of the luminosity
Table 1. Measured integrated luminosities and
the quantities used to calculate them. The
second and third columns list the quantities
in the Bhabha-dominant and digamma-dominant
measurements, respectively. The uncertainties
are statistical only.
Quantity Bhabha digamma
Nobsdata 3134488±1770 454650±674
ee (%) 35.93±0.02 0.255±0.002
γγ (%) 3.56±0.02 47.74±0.05
σee (nb) 17.37 17.37
σγγ (nb) 1.833 1.833
Rbkg (%) 0.07 0.28
L (pb−1) 496.7±0.3 493.1±0.7
In both of the Bhabha-dominant and digamma-
dominant measurements, with their respective selection
criteria applied, we obtain the number of candidate
events (Nobsdata) observed in the data sample, and the
detection efficiencies of Bhabha and digamma events (ee
and γγ) estimated using their respective MC samples, as
listed in Table 1. Similarly, all the residual efficiencies
of the individual categories of backgrounds (bkg) are
estimated with their corresponding MC samples.
Combining the selection efficiencies with the theo-
retical cross sections of the signal processes as well as
those of the background processes (σbkg) [2], the total
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background levels (Rbkg) are calculated as
Rbkg =
∑
bkg
σbkgbkg
(σeeee+σγγγγ)
. (2)
The results are 0.07% and 0.28% in the Bhabha-
dominant and digamma-dominant measurements, re-
spectively. Detailed background analysis shows that the
background mainly arises from uu¯, τ+τ−, and dd¯ events
in both measurements.
Inserting the values of Nobsdata, ee, γγ , σee, σγγ , and
Rbkg into the formula
L=
Nobsdata
(σeeee+σγγγγ)(1+Rbkg)
, (3)
the integrated luminosities are determined to be (496.7±
0.3) pb−1 and (493.1±0.7) pb−1 in the Bhabha-dominant
and digamma-dominant measurements, respectively.
Here, the uncertainties are statistical only. In the two
formulae above, the efficiencies ee and γγ implicitly
include an energy-sum-based ECL trigger efficiency of
100% with a negligible uncertainty of O(0.01%). This is
evaluated using a radiative Bhabha data sample as the
ratio of the events triggered by both ECL and CDC to
all those triggered by CDC.
6 Systematic uncertainties
Table 2. Systematic uncertainties of the measured
integrated luminosities. The second, third,
and fourth columns list the uncertainties from
the Bhabha-dominant, digamma-dominant, and
combined measurements, respectively.
Source ee (%) γγ (%) ee + γγ (%)
Cross section ±0.1 ±0.1 ±0.1
CM energy ±0.2 ±0.2 ±0.2
θcm range ±0.0 ±0.4 ±0.1
IP position ±0.2 ±0.1 ±0.1
ECL location ±0.2 ±0.2 ±0.2
MC statistics ±0.1 ±0.1 ±0.1
Beam backgrounds ±0.1 ±0.1 ±0.1
Cluster reconstruction ±0.2 ±0.2 ±0.2
Ecm distributions ±0.1 ±0.1 ±0.1
θlab distributions ±0.1 ±0.2 ±0.1
θcm distributions ±0.3 ±0.3 ±0.3
φcm distributions ±0.1 ±0.3 –
Material effects −0.1 +0.7 +0.1
Overlapping clusters ±0.1 ±0.1 ±0.1
Colliding backgrounds ±0.1 ±0.3 ±0.1
Quadrature sum ±0.6 +1.1−0.8 ±0.6
Table 2 summarizes the sources and values of the
systematic uncertainties of the integrated luminosities
measured above. The systematic uncertainties are
evaluated as follows.
The theoretical cross sections of Bhabha
and digamma processes are evaluated with the
BabaYaga@NLO generator with a precision of
0.1% [16, 17], which is taken as the relative systematic
uncertainty in each measurement.
The CM energy is an essential input to the
BabaYaga@NLO generator for the evaluation of the
signal cross sections and the generation of the signal
events. To check the impact of its uncertainty on the
measured integrated luminosities, the two measurements
are repeated with the CM energy increased/decreased
by 0.1%, which is roughly half the width of the Υ (4S)
resonance (20.5± 2.5) MeV [30] and is a conservative
value for the energy uncertainty according to an analysis
of the yield of B mesons. For each measurement,
the larger of the changes in the integrated luminosity
is taken as the associated uncertainty. The results
are about 0.2% for both measurements. Additionally,
since the rates of Bhabha and digamma processes vary
comparatively slowly with energy, the impact of the
uncertainty of the CM energy spread on the measured
integrated luminosities is negligible.
The polar angle range of electrons and positrons
for Bhabha events or photons for digamma events
in the CM frame is another important input to the
BabaYaga@NLO generator. The nominal signal MC
samples are generated in the θcm range 35
◦–145◦. To
check the impact of different θcm ranges on the measured
integrated luminosities, the two measurements are
repeated with Bhabha and digamma events generated in
the wider θcm range 5
◦–175◦. For the Bhabha-dominant
measurements, the results are consistent within the
statistical uncertainties. For the digamma-dominant
measurements, the result changes by about 0.4%, which
is taken as the relative systematic uncertainty.
The actual position of the IP may deviate from
the nominal position (0, 0, 0) as assumed in the MC
simulation. In a preliminary study with charged tracks,
the average position and the width of the IP distribution
over the whole data sample are determined to be (−0.4,
0.4, 0.3) mm. To investigate the impact of the deviation
on the measured integrated luminosities, we repeat our
measurements using a shifted position of the IP in
the MC simulation. The shift used is (−0.4, +0.4,
+0.3) mm from the nominal position. For the Bhabha-
dominant and digamma-dominant measurements, the
results change by about 0.2% and 0.1%, respectively.
In addition, the IP spread is calculated to be about
(14 µm, 0.56 µm, 0.35 mm) with the optics parameters
set for the x and z dimensions and observed for the y
dimension during Phase 2. We perform a study with the
IP spread, finding the IP spread only has a negligible
impact on the measured integrated luminosities because
its x and y components are small and its symmetry
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around the average position makes the effects in positive
and negative directions essentially cancel.
The location of the ECL detector has an uncertainty
of 0.5 mm in the z direction. In effect, this uncertainty
is equivalent to an uncertainty in the position of the IP,
though they are from different sources. To examine the
impact of the uncertainty on the measured integrated
luminosities, the two measurements are each repeated
with two new sets of signal MC samples: one produced
with the position of the IP changed from (0, 0, 0) to (0,
0, +0.5) mm, another produced with the position of the
IP changed to (0, 0, −0.5) mm. For both measurements,
the larger change of the integrated luminosity is about
0.2%, which is taken as the associated relative systematic
uncertainty. Besides the uncertainty in the z direction,
there is an uncertainty due to the rotation of the ECL
sub-detector relative to the coordinate system. However,
MC studies show that the impact of a rotation of 1 mrad
in θlab on the measured luminosities is negligible.
The relative systematic uncertainties due to the
limited sizes of the signal MC samples are evaluated to
be about 0.1% for both measurements.
To examine the impact of beam background overlay
on the measured integrated luminosities, MC samples
without beam background overlay are produced and
used to perform the two measurements. The differ-
ences between the results obtained with and without
the background overlay are taken as the systematic
uncertainties. The uncertainties are about 0.1% for both
measurements. In addition, both MC samples with and
without the background overlay demonstrate very good
agreement with the data sample in the distributions of
the number of ECL clusters after event selection. This
indicates that beam backgrounds have only a negligible
impact on the signal candidates, which have very clear
signatures: two high energy clusters in the ECL barrel
region and the back-to-back feature in the θcm and φcm
projections.
We estimate the uncertainty due to ECL cluster
reconstruction efficiencies using radiative Bhabha events.
We find that the average relative difference between data
and MC simulation in the efficiencies for the clusters
in our selected events is about 0.1%. Since we have
two clusters in both measurements, we take 0.2% as the
associated uncertainty.
The systematic uncertainties related to the distribu-
tion shapes of the energies, polar angles, and azimuthal
angles of the ECL clusters are estimated by replacing the
nominal requirements with alternatively more and less
restrictive requirements. For each distribution shape,
the larger of the changes in integrated luminosity is taken
as the associated uncertainty. The requirements on the
energies, polar angles, and acollinearity in polar angle in
both the measurements are changed to
• (1.5) 2.5 GeV <Emax2cm <Emax1cm < 5.62 (6.02) GeV,
• (35.0◦) 39.4◦ <θmax1lab , θmax2lab < 118.4◦ (124.6◦), and
• |θmax1cm +θmax2cm −180◦|< 2.5◦ (7.5◦);
the requirement on the acollinearity in azimuthal angle
in the Bhabha-dominant measurement is changed to
• (1.5◦) 3.5◦ < ||φmax1cm −φmax2cm |−180◦|< 12◦ (14◦);
and the requirement on the acollinearity in azimuthal
angle in the digamma-dominant measurement is changed
to
• ||φmax1cm −φmax2cm |−180◦|< 1.5◦ (3.5◦).
Here, the values inside and outside the parentheses corre-
spond to the looser and tighter alternative requirements,
respectively. The estimated systematic uncertainties
obtained by changing requirements on these parameters
are listed in Table 2.
A photon, electron or positron may interact while
traversing the material in the VXD region. As mentioned
in Section 3, the material is not fully included in the
simulation model, and hence the material effects differ
between the data and MC samples. To check the impact
of the difference on the measured integrated luminosities,
the two measurements are repeated with a new set
of Bhabha and digamma MC samples produced with
the vertex detectors removed from the simulation and
reconstruction programs. Corresponding to the change
of signal MC samples, the integrated luminosity obtained
in the Bhabha-dominant measurement increases by
about 0.42%, while that obtained in the digamma-
dominant measurement decreases by about 3.5%. As
described in Section 3, the unsimulated material is
estimated to be 20% of the simulated material, and
therefore we take −20% instead of 100% of the resulting
changes as the associated systematic uncertainties.
The relative uncertainties are estimated to be −0.1%
and +0.7% for the Bhabha-dominant and digamma-
dominant measurements, respectively. Here, the
uncertainties are signed and show the reduction in the
difference between the Bhabha-dominant and digamma-
dominant measurements.
A photon, electron or positron may also interact
with material while traversing the CDC outer wall
and the TOP detector, resulting in two nearby ECL
clusters. Because we preferentially select events that
do not contain nearby clusters, imperfect modeling of
this process could lead to a systematic uncertainty.
We evaluate the uncertainty by repeating the two
measurements with the selection criteria supplemented
by requirements dedicated to select events with pairs of
nearby clusters. With the extra requirements applied,
the change of the result is less than 0.1% for both
measurements, which is conservatively taken as the
relative systematic uncertainty.
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Besides the signal events, a small fraction of
background events survive the event selection. We take
100% of the total background levels as the associated
systematic uncertainties, which are about 0.1% and
0.3% in the Bhabha-dominant and digamma-dominant
measurements, respectively.
Assuming that the individual uncertainties are
independent and adding them in quadrature yields
total relative systematic uncertainties of 0.6% and
+1.1
−0.8% for the Bhabha-dominant and digamma-dominant
measurements, respectively. Including these total
systematic uncertainties, the integrated luminosities are
(496.7 ± 0.3 ± 3.0) pb−1 and (493.1 ± 0.7+5.4−4.0) pb−1
for the Bhabha-dominant and digamma-dominant mea-
surements, respectively. The systematic uncertainties
dominate in both measurements. Accounting for the
correlations between the uncertainties for the Bhabha-
and digamma-dominant measurements, the ratio of the
two luminosities is determined to be 1.007±0.002±0.008,
indicating agreement between the two results.
As can be seen from Section 4, the signal
candidates in the Bhabha-dominant and digamma-
dominant measurements are separated by the border
||φmax1cm −φmax2cm |−180◦|= 2.5◦. To get the combined result
of the two measurements, we repeat a measurement
with the merged requirement ||φmax1cm −φmax2cm | − 180◦| <
13◦. In this measurement, systematic uncertainties
are estimated with the same methods used in the two
separate measurements, and the results are listed in the
fourth column of Table 2.
Because most of the uncertainty sources are the
same for the two separate measurements and Bhabha
events dominate the signal candidates in the combined
measurement ( σeeee
σγγγγ
≈ 6.7), almost all of the systematic
uncertainties are equal to their counterparts in the
Bhabha-dominant measurement at the order of 0.1%.
The uncertainty associated with φcm distributions is
negligible, since ||φmax1cm −φmax2cm |−180◦|< 13◦ is a relatively
loose requirement. The uncertainty related to material
effects is estimated to be +0.1%, mainly because of the
cancellation of the corresponding uncertainties in the
two separate measurements with the associated numbers
of signal candidates as weights. With the systematic
uncertainties, the combined result is calculated to be
(496.3±0.3±3.0) pb−1, which is nearly the same as in the
Bhabha-dominant measurement. We take the combined
result as the final result in this work.
7 Conclusions
The integrated luminosity of the first data sample
collected with the Belle II detector at SuperKEKB
during Phase 2 is measured using ECL information with
Bhabha and digamma events. The result obtained in
the Bhabha-dominant measurement is consistent with
that obtained in the digamma-dominant measurement.
Combining the two measurements, we determine the
integrated luminosity to be (496.3 ± 0.3 ± 3.0) pb−1,
where the first uncertainty is statistical and the second
is systematic.
The result will be used in the early studies with
the Phase 2 data at Belle II, particularly in the
searches for new physics in the dark sector, in which
Belle II expects to achieve good sensitivities owing
to the dedicated triggers for single photon and low
multiplicity events [31]. Using ECL information alone,
this work builds a foundation for future luminosity
measurements in the Belle II experiment, in which we
will incorporate the information obtained by other sub-
detectors, particularly the CDC, to select signal events.
We thank the SuperKEKB group for the excellent
operation of the accelerator; the KEK cryogenics group
for the efficient operation of the solenoid; and the KEK
computer group for on-site computing support. This work
was supported by the following funding sources: Science
Committee of the Republic of Armenia Grant No.
18T-1C180; Australian Research Council and research
grant Nos. DP180102629, DP170102389, DP170102204,
DP150103061, FT130100303, and FT130100018; Aus-
trian Federal Ministry of Education, Science and
Research, and Austrian Science Fund No. P 31361-
N36; Natural Sciences and Engineering Research
Council of Canada, Compute Canada and CANARIE;
Chinese Academy of Sciences and research grant
No. QYZDJ-SSW-SLH011, National Natural Science
Foundation of China and research grant Nos. 11521505,
11575017, 11675166, 11761141009, 11705209, and
11975076, LiaoNing Revitalization Talents Program
under contract No. XLYC1807135, Shanghai Municipal
Science and Technology Committee under contract No.
19ZR1403000, Shanghai Pujiang Program under Grant
No. 18PJ1401000, and the CAS Center for Excellence
in Particle Physics (CCEPP); the Ministry of Education,
Youth and Sports of the Czech Republic under Contract
No. LTT17020 and Charles University grants SVV
260448 and GAUK 404316; European Research Council,
7th Framework PIEF-GA-2013-622527, Horizon 2020
Marie Sklodowska-Curie grant agreement No. 700525
‘NIOBE,’ Horizon 2020 Marie Sklodowska-Curie RISE
project JENNIFER grant agreement No. 644294,
Horizon 2020 ERC-Advanced Grant No. 267104, and
NewAve No. 638528 (European grants); L’Institut
National de Physique Nucle´aire et de Physique des
Particules (IN2P3) du CNRS (France); BMBF, DFG,
HGF, MPG and AvH Foundation (Germany); Depart-
ment of Atomic Energy and Department of Science
xxxxxx-11
and Technology (India); Israel Science Foundation grant
No. 2476/17 and United States-Israel Binational Science
Foundation grant No. 2016113; Istituto Nazionale
di Fisica Nucleare and the research grants BELLE2;
Japan Society for the Promotion of Science, Grant-
in-Aid for Scientific Research grant Nos. 16H03968,
16H03993, 16H06492, 16K05323, 17H01133, 17H05405,
18K03621, 18H03710, 18H05226, 19H00682, 26220706,
and 26400255, the National Institute of Informatics,
and Science Information NETwork 5 (SINET5), and
the Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) of Japan; National Research
Foundation (NRF) of Korea Grant Nos. 2016R1-
D1A1B01010135, 2016R1D1A1B02012900, 2018R1-
A2B3003643, 2018R1A6A1A06024970, 2018R1D1A1B-
07047294, 2019K1A3A7A09033840, and 2019R1I1A3A-
01058933, Radiation Science Research Institute, Foreign
Large-size Research Facility Application Supporting
project, the Global Science Experimental Data Hub
Center of the Korea Institute of Science and Technology
Information and KREONET/GLORIAD; Universiti
Malaya RU grant, Akademi Sains Malaysia and Ministry
of Education Malaysia; Frontiers of Science Program
contracts FOINS-296, CB-221329, CB-236394, CB-
254409, and CB-180023, and the Thematic Networks
program (Mexico); the Polish Ministry of Science and
Higher Education and the National Science Center;
the Ministry of Science and Higher Education of
the Russian Federation, Agreement 14.W03.31.0026;
Slovenian Research Agency and research grant Nos. J1-
9124 and P1-0135; Agencia Estatal de Investigacion,
Spain grant Nos. FPA2014-55613-P and FPA2017-
84445-P, and CIDEGENT/2018/020 of Generalitat
Valenciana; Ministry of Science and Technology and
research grant Nos. MOST106-2112-M-002-005-MY3
and MOST107-2119-M-002-035-MY3, and the Ministry
of Education (Taiwan); Thailand Center of Excel-
lence in Physics; TUBITAK ULAKBIM (Turkey);
Ministry of Education and Science of Ukraine; the
US National Science Foundation and research grant
Nos. PHY-1807007 and PHY-1913789, and the US
Department of Energy and research grant Nos. DE-
AC06-76RLO1830, DE-SC0007983, DE-SC0009824,
DE-SC0009973, DE-SC0010073, DE-SC0010118, DE-
SC0010504, DE-SC0011784, DE-SC0012704; and the
National Foundation for Science and Technology De-
velopment (NAFOSTED) of Vietnam under grant No
103.99-2018.45.
References
1 T. Abe et al (Belle II Collaboration), arXiv:1011.0352
2 E. Kou et al, arXiv:1808.10567
3 Ed. A.J. Bevan, B. Golob, T. Mannel, S. Prell, and B.D.
Yabsley (eds), Eur. Phys. J. C, 74: 3026 (2014)
4 J. Brodzicka, T. Browder, P. Chang et al, Prog. Theor. Exp.
Phys., 2012: 04D001 (2012)
5 P. M. Lewis et al, Nucl. Inst. Meth. Phys. Res. A, 914: 69
(2019)
6 V. Zhilich, Nucl. Inst. Meth. Phys. Res. A, 494: 63 (2002)
7 J. P. Lees et al (BaBar Collaboration), Nucl. Inst. Meth. A,
726: 203 (2013)
8 M. Ablikim et al (BESIII Collaboration), Chin. Phys. C, 37:
123001 (2013)
9 M. Ablikim et al (BESIII Collaboration), Chin. Phys. C, 39:
093001 (2015)
10 M. Ablikim et al (BESIII Collaboration), Chin. Phys. C, 41:
063001 (2017)
11 M. Ablikim et al (BESIII Collaboration), Chin. Phys. C, 41:
113001 (2017)
12 A. Paladino, Beam Background at SuperKEKB During Phase
2 Operation, in Proceedings of the 62nd ICFA Advanced
Beam Dynamics Workshop on High Luminosity Circular e+e−
Colliders, edited by Y. Y. Li, L. Li and V. R. W. Schaa (Hong
Kong, China: JACoW Publishing, 2018), p. WEXBA06-221
13 K. Akai et al, (SuperKEKB Collaboration), Nucl. Instrum.
Meth. A, 907: 188 (2018)
14 C. M. Carloni Calame et al, Nucl. Phys. Proc. Suppl., 131: 48
(2004)
15 G. Balossini et al, Nucl. Phys. B, 758: 227 (2006)
16 G. Balossini et al, Phy. Lett. B, 663: 209 (2008)
17 C. M. Carloni Calame et al, Nucl. Phys. Proc. Suppl., 225: 293
(2012)
18 F.A. Berends et al, Nucl. Phys. B, 253: 421 (1985)
19 F.A. Berends et al, Nucl. Phys. B, 253: 441 (1985)
20 F.A. Berends et al, Comput. Phys. Commun., 40: 285 (1986)
21 D. J. Lange, Nucl. Instrum. Meth. A, 462: 152 (2001)
22 T. Sjo¨strand et al, Comput. Phys. Commun., 191: 159 (2015)
23 S. Jadach et al, Comput. Phys. Commun., 130: 260 (2000)
24 S. Jadach et al, Phys. Rev. D, 63: 113009 (2001)
25 N. Davidson et al, Comput. Phys. Commun., 183: 821 (2012)
26 S. Agostinelli et al (Geant4 Collaboration), Nucl. Instrum.
Meth. A, 506: 250 (2003)
27 Strategic accelerator design (sad). (Available at: http://acc-
physics.kek.jp/SAD Accessed: 6th May 2016)
28 Y. Ohnishi et al, Prog. Theor. Exp. Phys., 2013: 03A011
(2013)
29 T. Kuhr et al, Comput. Softw. Big Sci., 3: 1 (2019)
30 C. Patrignani et al (Particle Data Group), Chin. Phys. C, 40:
1 (2016)
31 G. Inguglia, arXiv:1906.09566
xxxxxx-12
